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Abstract 


Thiee reusable Insulation systems concepts 
have been developed for use with cryogenic tanks of 
earth-based space vehicles. Two concepts utilized 
double-gold.' zed Kapton (DGK) or double-alumlnlzed 
Mylar (DAM) cultllayer Insulation (MLI), while the 
third utilized a hoi low-glass-mlcrospherc, load- 
bearing Insulation (LBl). All three Insulation 
systems have recently undergone experimental test- 
ing and evaluation under NASA-sponsored programs. 
Thermal performance measurements were made under 
space-hold (vacuum) conditions for Insulation warm 
boundary temperatures of approximately 241 K 
(524 °R) . The resulting effective thermal conduc- 
tlvely was approximately 8x10*^ W/m-K (4.6x10* 
Btu/hr-f t-°R) for the MLI systems (liquid hydrogen 
test results) and 5.4*10*“* V/m-K (3 . 1 ■ 10*'^ Btu/hr- 
ft-°R) for the LBI system (l.'quld nitrogen test re- 
sults corrected to liquid hydiogen temperature). 

The DGK MLI system experienced i maximum thermal 
degradation of 38 percent, the Di'Jl MLI system 
14 percent, and the LBI system 6./ percent due to 
repeated thermal cycling represcnti.ig typical space 
flight conditions. Repeated exposure of the DAM 
MLI system to a high humidity environment for per- 
iods as lung as 8 weeks provided a maximum degrada- 
tion of only 24 percent. Tlie MLI systenm provided 
the lowest total system weights (Including liquid 
hydrogen bolloff), assuming miulifications could be 
made to the fiberglass fairings and purge bag con- 
figurations, when the ln.su lat Ion systems were opti- 
mized for a typical 163-hoor space mission. 

Introduction 


With the advent of a reusable Space Transpor- 
tation System (STS), considerable interest has been 
shown toward upper-stage propulsion vehicles and 
liquid propellant tanker (or resupply) vehicles 
that are themselves reusable tor some specllied 
number of space flights Some concepts for these 
vehicles would require them to be taneed on the 
ground prior to launch. Tlic vehicle*, might then 
typically be flown in both low and Mgh earth or- 
bits for periods of time ranging frim several hours 
to several hundred hours depending on the require- 
ments for each specific space flight. A. ter each 
space flight, the vehicles would be retueneH the 
ground for refurbishment prior to tlie next space 
flight. Among the candidates for such vehicles are 
those that utilize cryogenic propellants. For 
these vehicles to effectively utilize the maximum 
energy available from tl'e cry.Jgenlc propellants and 
also be cost effective, the Insulation systems that 
limit the heat input to the propellant tanks must 
have high thermal perlormance and be reusable. 

NASA has been supporting efforts that will 
provide needed teclmology on reusable, high- 
performance cryogenic Insulation systems. Tills 
technology will allow future space vehicle design- 
ers to make the necessary decisions that are re- 
quired to select a reusable cryogenic Insulation 
system suitable for a particular application. 

Tliree such reusable cryogenic insulation system 


projects .ire sunmarlzed, and the results are com- 
pared herein. These Insulation systems are: 

(1) Evacuated Load-Bearing High-Performance Insula- 
tion^, (2) In Hum- Purged Double-Go Id Ized Kapton/ 
Dacron Tuft Multilayer Insulation^, and (3) Helium- 
Purged Doublc-Alumlnlted Mylar/Sllk Net Multilayer 
Insulation^. These In.'ulatlon systems as designed, 
fabricated and tested, represent a wide range of 
differing approaches to achieve a common objective; 
that of providing a high-performance, reusable In- 
sulation system capable of withstanding ground-hold 
and space-hold thermal cycling. 


It should be noted that although comparisons of 
the various Insulation system performance parameters 
ate made herein for one specific space vehicle and 
mission, the actual advantages of one system over 
another may be determined only wlien the desired mis- 
sion or use Is chosen to form the basis for making a 
more detailed comparison. For example, the Load- 
Bearing Insulation system, wliirli was relatively 
heavy and has a relatively high thermal conductivity 
under space conditions, may have no advantages for 
long-term space missioits. However, it may be advan- 
tageously used on short-term space missions where 
the better ground-hold thermal performance provides 
mission trade-off benefits that overcixne Its rela- 
tively poorer space-hold thermal performance, or It 
may be advantageously used in the earth’s atmosphere 
tor cryogenica 1 ly fueled aircraft, tor example. 

Also, it might be d>.‘slrable to Incorporate features 
of both of the multilayer insu'ation (MLI) systems 
tested to arrive Jt an optimum or lower cost insula- 
tion system for certain types of space missions. 


Symbols 

, 2 

urea, n 

Cj insulation system thermal performance - 

weight parameter based on Insulatii'n sur- 
t.ice area, Q^^W^/A^, W-kg'm'^ 

C, innulstlon system thermal performance - 

weight parameter based on tank surface 
area, QjW^/Ap W-kg,m^ 

K insulation effective thermal conduc t Iv I t v , 

" (g^/A.)[tj/(T„ - T^.)], W/m-K 

Q heat Input, W 

2 

q heat flux, W'm* 

T temperature, K 

t thlcknes.s, m 

W weight, kg 

Subscripts : 

C cold 

H hot 

1 insulation 

m measured 

t tank 
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D—crtption of In«ulitlon Sytt— 
liOpd-B«Tttm ln»ul«tUiw 

1h« Load'BearlnR tnaulatlon (LBI) concept rep* 
raaantad a unique approach to the problem of pro- 
vtdlnt a hlih'parfonaance Inaulatlon ayaCem for 
cryogenic propellant tanha. Thte Inaulatlon con- 
cept wea developed and teated by the Locklieed Mia- 
allaa and Space Company, Palo Alto Reaearch Labora- 
tory under Lockiheed Independent Technology Programa 
end a NASA Lewla Reaearch Center contract NAS3- 
17817. Itte reaulta of the contractual effort were 
reported In Ref. 1. Thia concept, ahown in Fig. 1, 
utlllaed uncoated hollow glaaa apherea approxi- 
mately 0.08 ■■ (0.003 in.) In diameter with a bulk 
denalty of 0.069 g/cc (4.3 Ib/ft^) to provide the 
required barrlar to thermal radiation and alao to 
provide a poor aolld conduction heat tranafer path 
from the hot boundary to the tank wall. The hollow 
glaaa apherea were contained within a lightweight 
vacuum Jacket formed from 0.08 mn (0.003 In.) thick 
321 alloy atalnleas ateel. A wedge dealgn waa 
formed Into the vacuum Jacket to alKiw the Jacket 
to move eleatlcally aa the tank wall contracted due 
to chllldown from a cryogenic fluid or expanded 
from the aubaequent warmup. The Jacket waa alao 
atlffencd locally within the pattern of wedgea to 
Increaae Ita load-bearing capability without sua- 
talnlng permanent defor.nati.'n and to maintain a 
DU3re uniform Inaulatlon thlckneaa The annular 
apace between the tank wall and the vacuum Jacket 
containing the glasa spheres was evacuated, back- 
filled with carbon dloj^lde, and reevacuated to less 
than 1.3 pascal (1\10'* torr) to reduce the gaseous 
conduction mode ot heat transfer through the insu- 
lation. The hollow glass spheres themselves were 
subjected to a hlgh-temperature vacuum hakeout to 
reduce the Internal gas pressure to near zero. Hie 
tank wall and tlie Inside surface ot the vacuum 
Jacket were gold-cv’ated to provide K>w emissivily 
surfaces to further reduce the radiation mode ot 
heat transfer. The spacing between the tank wall 
and the vacuum Jacket was maintained by a large 
number of spring assemf'lles which consisted ot a 
slightly compressed stainless steel spring and 
three Kevlar strands to limit the maximum extension 
of the spring. The spring asseml'lles aided In pre- 
venting the migration ot glass spheres to any pre- 
ferential areas while initially filling the annular 
space and during any vibration or high, sustained 
acceleration euvlr.inments which the Insulated tank 
might be subjected to. 

During normal operations under ground-hold 
conditions and within the earth's atmosphere, the 
atmospheric pressure loading on the outside surface 
of the vacuum Jacket was sustained primarily by the 
hollow glass spheres, and si'l Ul conduction was the 
primary nx'de ot heat transfer through the insula- 
tion, Wlicn the .imblent pressure surrounding the 
Insulated test tank was reduced to near rero (vac- 
uum c.Midl t Ions ) , the ctsnpresslve loading on the 
glass spheres was reduced considerably, and thermal 
radiation hecanx- the dimilnant mode of heat trans- 
fer. 

The LBI system was installed and tested on a 
1. 17-meter (J.B^-tt) dl.inieter spherical tank using 
liquid nitrogen as the cryogenic lest fluid. A 
photograph of the insulated tank, ready tor test- 
ing, Is slu>wn In Klg. A siuiv\ary of the physical 

characti rlst Ics ol the Insulation system Is slu<wn 
In Table 1 Uie insul.it Ion svslem weighed a total 


Of 13.00 kg (33.07 lb). Of this weight, 3.06 kg 
(11.16 lb) was Included for the Insulation of the 
tank support struts. The strut Insulation was not 
optlsilsed for the test program conducted end should 
not be charged against the basic Insulation system 
weight. The resulting basic Inaulatlon weight per 
unit tank wall area was 2.31 kg/m^ (0.474 Ib/ft^). 

Double-Goldlted Kapton/Dacron Tuft Multilayer 
Insulation System 

rtie Double-Coldlzed Kapton/Dacron Tuft (DGK/DT) 
Multilayer Inaulatlon system was designed to 
(1) provide rapid purging of the Insulation prior to 
loading Che tank with a cryogenic propellant on the 
ground, (2) withstand temperatures as high as 430 K 
(810 ‘'r), and (3) be reusable over a total ol 
100 flight cycles. This insulation system design 
was developed and tested by Convair Division of Gen- 
eral Dynamics under contract to NASA Marshall Space 
Flight Center (Contract NAS8-27419) . Hie results ot 
this contractual effort were reported In Ref. 2. 

Tills Insulation system crticept, as shown in Fig. J, 
Incorporated two blankets ot multi layer Insulation 
(MU), each containing 22 .louble-goldlred Kapton ra- 
diation shields separated by Dacron tutt spacers (a 
proprietary MLl concept kn.'wn as Super! loc). The 
Insulation was Installed over t Iberglass-relnforced- 
plastlc (FRl’l talrlngs located at the top and bot- 
tom, as well as around the gi,th near the equator, 
of the 2.23 meter (7.3 ft) diameter test tank. The 
fairings tacilitated the tabricatlon and installa- 
tion ol the MLl blankets. Both the gore blankets 
and the flat, circular blankets at the top and bot- 
tom of the tank were held In place by means of sup- 
port pins located on the conical talrlngs (as noted 
In Detail A) and the girth fairing. The fairings 
also acted as plenum chambers for the helium purge 
system. Tlie helium purge gas was distributed Into 
the MLl blankets at discrete points by means of 
plastic purge pins attached to the talrlngs and 
penetrating the insulation blankets. Tlie Insulated 
tank was enclosed within a close fitting, FRF purge 
bag to limit the vi’lume which had to be purged and 
to reduce the possibility ot the insulation being 
contaminated with dust, water vapor, etc. 

I1ie M'... blankets tor the sides ot the tank were 
fabricated In 30 degree gore panels as shown In 
Fig. 4. The edges ol adlacent gore panels were but- 
ted and held together with plastic twin-pin lasten- 
ers (Detail A). Oie butt Joints between the gore 
panels in the Inner and outer M1.1 blankets were ott- 
aet approximate ly 2.3 cm (l.O in.) to reduce the 
possibility ot gaps between MLl panels providing a 
direct path tor thermal radiation to reach the tank 
wall. 

The helium purge gas distribution system Is 
shown in Fig. 3. Purge gas teed lines were rinited 
to each of the plenum cavities provided by the 
fiberglass talriu,. Orltices In the teed lines 

metered the gaseous helUuu flow into each cavity. 

Tlie plastic purge pins distributed the purge gas 
Into the MLl panels at discrete points. F.ach purge 
pin was slotted to distribute the purge gas evenly 
between all of the radiation shields. Hiis purge 
gas distribution system allowed tor a relatlvelv 
high purge gas t low rate (up to purge voUmies/hr) 
to simply displace the Initial Interstitial gas 
within the Ml.l blankets within a relatively short 
period ot Him- (approxlma t e ly 3 mtn). 

The overall insulation system .uul purge bag 
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coaflguraCloa !• ahown In Fig. 6. Tha fiberglass 
purge bag was fabricated from two layers of 181 
style glees cloth prelagiregnated with epoxy resin 
and was coated on each side by a layer of FEP Tef* 
Ion. The purge bag was fabricated In two halves 
and joined by neana of a flanged Joint around the 
•quator of the tank. A Luamuiry of the physical 
characteristics of this Insulation system la noted 
In Table X. Host of the weight of this system was 
for Che fiberglass purge bag (43.2 kg (93.3 lb)) 
and the fairings (29.5 kg (65.0 lb)) while the mul 
Itlayar Insulation weighed only 14.9 kg (30.8 lb). 
The rasultlng total Insulation system weight per 
unit tank wall area was 6.21 kg/m^ (1.27 Ib/ft^) 
with the purge bag and 3.14 kg/nr (0.64 Ib/ft^) 
without the purge bag. 


Double-Alumlnlsed 
Insulation System 


^lar/Sllk Net Multilayer 


The Double-Alumlnlsed Mylar/Silk Net (DAM/SN) 
MU system tested and reported In Ref. 3 was modeled 
after a similar Insulation systc-m designed to be 
used In conjunction with shadow shields acting as 
the primary means of thermal protection during deep- 
space missions lasting as long as 1200 days.^>^ As 
such, the DAM/SN Insulation system concept (Fig. 7) 
was simplified some%diat and did not provide the most 
effective means of thermal protection from a 300 K 
(540 *^R) temperature environment that was imposed 
during the test program. The simplified portions of 
the Insulation system design included: (1) instal- 

lation of MU around the tank support brackets and 
struts, (2) the "Y"-type Joint configuration be- 
tween some of the MLl panels, and (3) use of nylon 
positioning pins to attach the MU panels to the 
tank wall. This insulation system was tested at the 
Lewis Research Center to determine (1) the helium 
purge characteristics of a MLI system where the ini- 
tial Interstitial gas within the panels was replaced 
with helium primarily by means of gas diffusion, 

(2) the degradation in thermal performance due to 
simulated flight cycles, and (3) the degradation in 
thermal performance due to exposure to .1 lugh humi- 
dity environment. 


The DAM/SN insululion system concept, as shown 
In Fig. 7, Incorporated two blankets of multilayer 
Insulation, each containing 15 double- aluminized 
Mylar radiation shields separated by double silk net 
spacers . Fiberglass fairings or cones were used at 
the top and bottom of the 1. 39-meter (4.57-ft) di- 
ameter test tank to facilitate installation of the 
HLl blankets. Tlie MU panels for the top and bot- 
tom of the tank were fabricated in the shape of 
truncated cones without any seams between the cir- 
cular and conical portions of the panels. Nylon 
positioning pins adhesively bonded directly to the 
tank wall were used to properly locate and help sup- 
port the MLI gore panels on the sides of the test 
tank. Small five-layer MLI panels were used to 
cover the ends of the positioning pins around the 
equator of the tank. 


The details of the |olnts between the MLI gore 
panels and the conical MLI panels at the top and 
bottom of the tank are shown in Fig. 8(a). The MU 
panels in the outer blanket were Joined with a stan- 
dard butt Joint in which the cover sheets overlapped 
the Joint to reduce the thermal radiation penetra- 
ting the Joint. The MLI panels In the inner blanket 
ware Joined in a "Y"-type Joint which is not as ef- 
ficient thermally as a butt Joint due to the physi- 
cal contact between warmer and colder layers of in- 


sulation. However, the use of this Joint configura- 
tion allowed the MU panels to be Installed on the 
tank more easily. The details of the butt Joint be- 
tween edjacent MU gore penels Is shown in Fig. 8(b). 
The butt Joints were again overlapped with the cover 
sheets on each side of the MLI blanket. The butt 
Joints between the inner and outer blankets were off- 
set 6 degrees to again reduce the thermal radiation 
penetrating the Joints. 

The helium purge gas distribution system is 
shown In Fig. 9. Helium purge gas was distributed 
underneath the MLI gore panels through two purge 
rings located adjacent to the tank wall above and be- 
low the equator of the tank. The volumes underneath 
the upper and lower fiberglass cones were purged 
separately through two purge tubes. Purge gas flow 
to each purge ring and tube was controlled by a sepa- 
rate orifice. Volumetric purge flow rates up to ap- 
proximately 37 purge volumes per hour were used. Ap- 
proximately 3 hours were required for the initial in- 
terstitial gas concentration to be reduced and for 
greater chan 99 percent helium concentration Co be 
achieved everywhere within Che MLI blankets. Also 
shown in Fig. 9 are the approximate locations of the 
nylon positioning pins and the Velcro pile fastener 
adhesively bonded to Che tank wall Chat were used to 
attach Che MLI gore panels Co the tank. 

The overall insulation system configuration is 
shown in Fig. lO. In this MLI system, 60-degree gore 
panels were used for Che sides of the test tank. The 
areas where Che tank support brackets penetrated the 
MLI gore panels were also covered by the same five- 
layer MLI panel which covered the positioning pins. 

A sunmary of Che physical characteristics of this in- 
sulation system is noted in Table I. On Che basis of 
weight per unit tank wall area, the DAM/SN MLI system 
had the lowest value of I. 92 kg/ra‘ (0.393 Ib/ft^). 
This was due to Che minimal use of fiberglass for 
fairings and the elimination of a purge bag as a part 
ot Che overall insulation system. 

One interesting aspect of the DAM/SN MLI system 
Chat was mentioned only briefly in Ref. 3 was that 
Che insulation system was basically several years old 
prior to the start of the test program and had not 
always been handled with the extreme care normally 
thought to be required to provide a high-performance 
multilayer insulation systisn. Some brief hlgh'lghts 
of the fnsulation system history were as follows: 

1. The MLI gore panels used on the sides of the 
test tank had been fabricated, and then sealed in 
plastic bags and stored for approximately 30 months. 
They were shipped from the west coast to Cleveland, 
Ohio, and back Co Che west coast prior to being in- 
stalled on Che test tank. The materials used in 
fabricating the conical MLI panels for the top and 
bottom of the tank had been in storage for approxi- 
mately 6 years. 

2. The completely Insulated tank, enclosed in a 
sealed plastic bag, was shipped from the west coast 
to Cleveland, Ohio, by truck. 

3. Hie insulation system, mounted on the tank, 
was again stored for an additional 18 months, with 
the plastic shipping bag removed, in a relatively 
clean, relatively low-humidity (20-50 percent) en- 
vironment . 

4. The Insulation system was in a shop- 
environment with no humidity control lor approxi- 
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Mt«iy S aionths prior to the start of testing. 

Daaplte the long storage time and the lack of 
any particular cara In controlling the environmental 
conditions In the months Imnedlately prior to test- 
Ingi and daaplte the fact that no high* temperature 
vacuuai bakaout procedure was used prior testing, 
the Inaulatlon system still provided good thermal 
parformanca that was close to the value predicted. 

Thermal Performance Teat Results 
Ground-Hold Thanaal Performance 

A caa^>arlson of the ground-hold thermal per- 
formanca of two of the three reusable Insulation 
aystema la noted In Table II. No ground-hold ther- 
mal performance measurements were made for the DGK/ 
DT HLl system. 

The measured heat Input for the LBI system was 
295 U (1007 Btu/hr) with the vacuum chamber pressure 
at 0.9 abBosphere pressure for safety considera- 
tions. The resulting heat flux, based on insulation 
surface area, was approximately 67 V/oT (21.3 Btu/ 
hr-ft^). Using the Information presented In Ref. 1, 
this measured heat flux was corrected for (1) cham- 
ber pressure of 1 atmosphere pressure and (2) cold- 
side boundsry temperature of 20 K (36 °R) for liquid 
hydrogen. The resulting calculated heat flux was 
73 V/tcT (23.2 Btu/hr-ft^), and the thermal perform- 
ance weight criteria (C[) was lt'4 W-kg/m^ (10.7 Btu- 
Ib/hr-ft^). 

The measured heat Input for the DAM/SN MLl sys- 
tem with 1 atmosphere vacuum chamber pressure and a 
liquid hydrogen cold-side boundary temperature was 
3845 W (13,130 Btu/hr). The resulting Insulation 
heat flux was 562 W/m' (178 Btu/hr-ft*), and the 
thermal performance weight criteria (C^) was 
967 W-kg/m^ (62.8 Btu-lb/hr-ft*^) . 


sis of solid conduction and thermal radiation heat 
transfer equations presented In Refs. 1 and 6 for 
the LBI and DAM/SN Insulation systems, respectively. 
The seam heat Input for the DAM/SN Insulation system 
was corrected on the basis of Information presented 
In Ref. 7 . The other best Inputs were corrected from 
ratios of the temperature differences Involved. No 
significant changes In the values of effective ther- 
mal conductivity from those presented In Table III 
were noted, and the relative ranking of the insula- 
tion systems on the basis of the thermal performance 
and weight criteria remained unchanged. 

Reusability 

All three Insulation syatems were subjected to 
a series of tests simulating the typical flight cycle 
environmental conditions expected during a space mis- 
sion starting from launch from the surface of the 
earth and returning. The flight cycle Included the 
Initial ground-hold and propellant loading conditions, 
the launch pressure decay during chamber pumpdown to 
vacuum conditions, the space-hold (vacuum) condi- 
tions, and the repressurization of the vacuum cham- 
ber back to 1 atmosphere pressure. Space-hold ther- 
mal performance data was obtained periodically 
throughout the test series for each Insulation sys- 
tem. The heat flux and the resulting change In the 
thermal performance (compared with the Initial test) 
attributed to the insulation system (corrected for 
cotimon boundary temperatures, Tg =■ 291 K (524 ‘^R) 
and T(. » 20 K (36 °R)) are shown In Figs. 11(a) 
and (b), respectively. This comparison Indicated 
that the LBI system would have Che highest heat flux 
but exhibited a relatively stable thermal perform- 
ance for seven flight cycles. There appeared to be 
e 6. 7-percent degradation In the space-hold thermal 
performance through the first seven t light cycles, 
although this was attributed to experimental uncer- 
tainty rather than environmentally induced degrada- 
tion of thermal performance.^ 


Uiese values of heat flux and thermal perform- 
ance weight criteria Indicate that the LBI system 
does provide much better ground-hold thermal per- 
formance Chan a helium purged MLI system; the ther- 
mal performance weight criteria for the DAM/SN MLl 
system was 5.9 times that for the LRI system. 


Space-Hold Thermal Performance 


A comparison of the space-hold thermal perform- 
ance test results for the three insulation systems is 
shown In Table III for the Insulation system boundary 
temperatures as noted. The Insulation systemeffec- 
tlve thermal conductlvl ty (K^) was calculated using 
the heat Input (Q^) attributed to only the Insulation 
system (excluding that attributed to the penetra- 
tions and tank support struts). Thi ef feet Ive ther- 
mal conductivities for the two MLl systems were rela- 
tively close (=^8x10*^ W/m-k (4.6 clO"^ Btu/hr-f t-°R)) 
while Che conductivity for the LBI system was approx- 
imately eight times greater. The values of the ther- 
mal performance weight criteria, based on either In- 
sulation or tank surface area, Indicated that one or 
the other of the MLI sys* ems provided the lowest val- 
ues depending on whethei nr not the purge bag weight 
was Included for the DGK.'Di "LI system. 


A comparison of the expected space-hold thermal 
performance for common boundary temperatures (Tp • 
291 K (524 ^’R) and T^ - 20 K (36 "R)) Is shown In 
Table IV for the three Insulatlc'n systems. The 
basic Insulation heat Input was corrected on the ba- 


The DGK/DT MLI system provided the lowest heat 
flux of the three Insul.ition systems. However, the 
heat Input attributed to this MLI system suffered an 
Initial thermal performance degradation of 37.5 per- 
cent through the 50^" f 1 Ight cycle. This degredation 
was due primarily to structural failure of three 
twin-pin 1 Inks al lowing three seams between gore pan- 
els to separate slightly. After repair, the ther.iinl 
performance Improved but then degraded again prior to 
the end of the test program. A post- test examination 
of Che MLl system revealed two more broken Cwln-pin 
links and some localized areas where the seams be- 
tween adjacent MLl panels had opened up slightly. 

The DAM/SN MLl system provided a somewhat higher 
heat flux than Che DKC/DT MLI system but exiilbited a 
maximum thermal performance degradat Ion of less th.in 
14 percent through the 12^^ flight cycle. Repeated 
exposure of this MLI system to a 100-percent relative 
humidity environment for periods of time ranging from 
2 hours to as long as 8 weeks resulted In a maximum 
Increase of the heat flux of leas chan 24 percent. 
The therma I perlormance for the last space-hold ther- 
mal performance test was restored to within 13 per- 
cent of the Initial thermal performance of ^the MLI 
system (Qj/Ai ■ 1.24 W/m^ (0.393 Blu'hr-ft‘)) tol- 
lowlng a 5-day vacuum soak at ambient room temper- 
ature. A post-test examination of the MLl svstem 
revealed that no structural damage had occurred, 
and measurement ot the emlsslvlty of the radiation 
shields Indicated that no degradation from pre- 
test measurem-nts h.id I'ccurred. 
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Ovarall, It appeared that a multilayer Ineula- 
tlon ayaeaa utlllilng doubla-aluminlsad Hylar ra> 
dtatlon ahlelda with allk net apacara could be aub- 
jacCad Co high-humldlty anvlronmenta without de- 
grading cha nominal tharmal parformanca more Chan 
24 parcanC. It auac ba aaaumad chat tha MLI ayatem 
would ba purgad with helium for aome time prior to 
loading cryoganic propellanta on the ground, and 
Chat tha ayatem ia deaigned Co allow adequate 
venting of Che InCeraCitlal purge gaa during Che 
launch and inaartlon into earth orbit. And aince 
tC ta generally aecapCad Chat aluminiaed Mylar and 
allk netting are Inaulation materlala that are par- 
Clouiarly auacaptibla to molature (e.g., Ref. 6), 
tha uaa of Rapton (either aluminiaed or goldiaed) 
radiation ahlelda and aome other apacer material 
(a.g.. Dacron or Nylon) ahould provide an inaula- 
tion ayatan that would have even leaa degradation 
of ita thermal performance after ' xpoaure Co a 
'high-humidity environment. 

The LSI ayatem avoids the problems of thermal 
degradation due to the presence of moisture. How- 
ever, it does have unique problems of its own chat 
must be recognized when assessing the reusability 
of Che UI system. These include: fl) maintenance 

of a low pressure (%1 pascal) ( 1 x 10 *^ Corr) within 
the vacuum Jacket under ambient temperature ground 
conditions with a residual gas chat can be cryo- 
puaqted on Che tank wall when Che cryogenic propel- 
lant is loaded, (2) complete filling of the vacuum 
Jacket annulus with glass spheres so chat voids do 
not occur at some IsCer point in time, and (3) min- 
imum breakage of the glass spheres during the life 
of Che insulation system. 

Comparison of Insulation Systems for a 
Conmon Space Mission 

The three Insulation systems, as tested, were 
not optimized for any common space mission, and It 
ia, therefore, not proper to evaluate the weight 
and thermal performance of one system against 
another on chat basis. Parc of the required work 
effort in contract NAS3-17817 perfonned by Che 
Lockheed Missiles and Space Company^ was Co opti- 
mize both Che LBl and DGK/DT MLI systems for a 163- 
hour, mulciburn space mission using the Option 2 
Cryogenic Space Tug design requirements noted In 
Ref. 8. The stated performance goals for the liq- 
uid hydrogen tank, for example, along with Che in- 
sulation system weights and resulting thermal per- 
formance as presented in Ref. 1 are summarized in 
Table V. The resulting LSI system was 2.0 cm 
(0.79 in.) Chick and weighed 180.4 kg (397.7 lb). 
The total prorated weight (Including the prorated 
liquid hydrogen bolloff) was 295. 1 kg (650.6 lb). 
The optimized DGK/DT MLI system was 2.3 cm 
(0.91 in.) thick and weighed 339.8 kg (749.1 lb). 
The total prorated weight for this MLI system was 
365.2 kg (805.1 lb). Although Che LBI system was 
Che lighter of the two insulation systems by a sub- 
stantial margin (70.1 kg (154.5 lb)), both insula- 
tion system total prorated weight estk,..:ates greatly 
exceeded Che performance goal of 127.1 kg (280.2 
lb). However, two assumptions used in determining 
Che optimized DGK/DT MLI system weight for Che Op- 
tion 2 Space Tug may be subjected to some question. 

1. The fiberglass fairing weight was scaled up 
from that used in the test program primarily on Che 
basis of Che ratio of Che tank surface areas. This 
appears to be unreasonable from the standpoint that 
(1) Che Cop and bottom conical fairings would not 


be required Co cover the entire ends of the Space 
Tug Ut 2 tank as was done for Che test tank and 
(2) Che girth fairing (or fairings) could probably 
be fairly widely separated on Che Space Tug IH 2 tank 
without influencing the time required to purge the 
insulation system drastically. 

2. The insulation system configuration where 
Che fiberglass purge bag completely encapsulated the 
lii 2 tank could be simplified by allowing the struc- 
tural skin of Che Space Tug to act as Che purge en- 
closure around the cylindrical section of Che tank. 
This concept would require only a fiberglass purge 
enclosure at Che Cop and bottom of Che tank as shown 
in Fig. 12. The purge enclosure would be used pri- 
marily to contain the purge gas within a specified 
volume and Co keep Che cold ground-hold environment 
away from electronic equipment, for example. 

The revised weight estimates for Che DGK/DT MLI 
system Co account for these two modifications are 
noted in the fourth column of Table V. The total 
prorated weight estimate of 197.4 kg (435.2 lb) was 
considerably lighter Chan either of Che two previous 
weight estimates and was also much closer Co Che 
performance goal of 127.1 kg (280.2 Ib). 

The weight estimates shown In Table V for Che 
DAM/SN MLI system were not optimized in a manner 
similar Co Chat for Che 1£I and DGK/DT MLI systems. 
The basic Insulation weight was scaled up on a 
weight per unit tank area basis assuming Che same 
insulation thickness as actually tested. The pro- 
rated liquid hydrogen boiloff rate was simply calcu- 
lated on the basis of the measured thermal perform- 
ance of the DAM/SN MLI system for both the ground- 
hold and space-hold orbital environmental condi- 
tions. The total prorated weight estimate for Che 
DAM/SN MLI system of 243.4 kg (536.6 lb) still Indi- 
cates, however. Chat It would be lighter Chan Che 
LBI system but heavier Chan Che modified DGK/DT MLI 
system. 

Concluding Remarks 

Three reusable Insulation systems suitable for 
use on cryogenic propellant tanks of space vehicles 
were tested and evaluated In three separate NASA- 
sponsored programs. The space-hold (vacuum) thermal 
performance was experimentally measured during a 
series of cyclic tests simulating complete flight 
cycles that a reusable earth-based space vehicle 
would be subjected Co. 

The best Insulation system on the basis of 
space-hold thermal performance was the multilayer 
Insulation (MLI) system composed of double-goldlzcd 
Kapton radiation shields with Dacron tuft spacers 
(DGK/DT MLI system). This Insulation system also 
Incorporated a rigid flberglass-relnforccd-plastic 
(FRF) purge bag Co contain Che helium purge gas and 
protect the Insulation from any effects of moisture 
or other types of contamination that might be pres- 
ent In the ground environment. If the weight of the 
purge bag, and other FRP fairings Installed on Che 
tank wall, proposed In Che original design could be 
substantially reduced, Che DGK/DT MLI system would 
also have Che lowest total weight (Including Che 
prorated liquid hydrogen bolloff). The goldlzed re- 
flective surfaces on the radiation shields provided 
very low emlsslvlty surfaces to reduce radiation 
heat transfer. The Kapton polymlde film provided a 
hlgh-temperature capability (up to i'70 K (1206 °R)), 
and would also be likely to provide a relatively low 
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■Ola Cur* absorption capability. The Dacron tuft 
apacara provldad for widely saparatad radiation 
ahlalds for ease of purging .ind venting ot the 
purge gas, and low solid cond.iction hast Cvansfer. 
lha dlsadvantagas of this sysCem ware priatarlly Che 
high coat of the basic uaterials and fabrication, 
and the difficulty of forming Che radiation shields 
Co confora to double*curved surfaces (If required). 

The other multilayer insulation system tested 
that utilised double-alumlnised Mylar radiation 
shlalda and double silk net spacer* (DAM/SN) rep* 
resentad an Insulation system configuration chat 
was not designed Co provide Che most effective 
thermal protection from an ambient room temperature 
anvlroianent under vacuum conditions. In addition, 
this Insulation was not always handled and stored 
with the extreme care normally thought to be re- 
quired to provide a high-performance multilayer in- 
aulatlon system. And despite Che fact Chat no 
long-duration, high- temperature vacuum bake-out 
procedure was used prior to testing, the DAM/SN in- 
sulation system still provided good space-hold 
thermal performance that was only slightly poorer 
Chan the DGK/DT MLl system. Repeated thermal cy- 
cling caused a degradation of less than 14 percent 
In the thermal performance. Deliberate, repeated 
expoaure to a high-humidity environment for periods 
of time as long as 8 weeks resulted in a degrada- 
tion in Che thermal performance of less than 24 per- 
cent. The DAM/SN MLl system also offers many of 
Che saste advantages as Che DGK/P'*' MLl system with 
Che following exceptions: (1) lower maximum ser- 

vice temperature (420 K (756 °R)) and (2) higher 
weight per unit area due to Che presence of the 
silk net spacer. However, the DAM/SN MLl can be 
formed more easily to the contour of double-curved 
surfaces, if required, and Che material and fabri- 
cation costs are lower. 

The load-bearing insulation (LBI) sysCem uti- 
lizing Che hollow glass spheres contained within a 
flexible stainless steel vacuum Jacket provided 
better Chennai performance/weight characteristics 
for a 163-hour space-mission than Che NLI systems 
when Che "as-tested" weights of the MLl systems 
were scaled up to a "full-sized" IH 2 tank. If the 
purge bag and fairing weights of Che MLl systems 
could be reduced or eliminated, the MLl systems 
showed a weight advantage over the LBI system. 
However, the LBI sysCem offers some unique poten- 
tial advantages for cases where: ( 1 ) a relatively 

passive (no purging) insulation is desirable, 

(2) frequent excursions through Che atmosphere or 
long durations of ground-hold conditions are re- 
quired, and (3) high- temperature service is re- 
quired. 
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TABU I. - COHPABISOH (V IM8UUT10N SYSTEM AKEAS AMD WEIGHTS AS TESTED 


Insulation systaa 




Type 

U1 

KK/DT 

DAM/SN 

Insulation thickness (t.), H 

0.0133 

0.038 

0.019 

Ares (A^)i M^ 

4.42 

16.5 

6.84 



Oblate 


Test tank 

Sphere 

apharoid 

Sphere 

Diaaetar, ■ 2 

1.17 

2.23 

1.39 

Surfaea area, n 

4.30 

14.1 

6.12 

Insulation systeai w'ignt, kg 




nbarglaas fairings or cones 


29.56 

2.86 

Vacuum Jacket or purge bag 

43.23 


Ion pumps or purge r>'^i.ng 


.92 

.41 

Insulation (microspheras or MLl) 


13.97 

8.51 

Total weight, kg 

Basic insulation syatem weight 
per unit area, kg/ir 

IS . 00 

87.57 

11.78 

W,/Ai 

2.25 

'5.31 

**2.69 

1.72 

W./A. 

2.31 

'6.21 

1.92 

1 t 


**3.14 



*Includ*« 4.29 kg tor non-optlmlzed vacuum Jackets enclosing tank 
. support struts. 

"includes 0.77 kg for microsphera insulation for tank support struts. 
%lth p<irge bag. 

*Hlthout purge bag. 
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TABLE IV. - CCHFAKISOM OF H6ULAT10M SYSTEM SPACE-HOLD 






TABLE V. - COHP ARISON OF REUSABLE INSULATION SYSTEMS FOR SPACE TUG LIQUID H 
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Ground-hold heat Input, W 27,020 3,690 64,700 64,700 68,750 
















t) WEDGE PAT1ERN IN Fl£XIBl£ STAINLESS STEEL VACUUM JACKET. 
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0.0B mm 321 SIAINIESS STEL 
VACUUM JACKET 


TANK WALL 


- HOLLOW GLASS SPHERES. 
> a08 mm DIAMETER 
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GOLD COATED FOk 
LOW EMISSIVITY 


(a) CROSS SEaiON OF INSULATION SYSTEM. 
Figure 1. * Load bearing Insulation s>stem concept. 


DETAIL A 

TYPICAL BLANKET SUPPORT 
ARRANGEMENT 




Figure 3. - DGK/Datron fuft MLI system concept. 
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Figure 4. - Gore blanket offset butt joint detail for DGK/Dacron tuft MU system. 


DETAIL "A" 

TYPICAL PURGE PIN ARRANGEMENT 
MLI BLANKET FACE SHEET * 




Fii)urt' \ - l*^ri)e distribution systeni for DGK/Djcron tuft MLI system. 



igure 6. - D WDacron tuf^ WU s/st*'’ arjc con fiC'j ration. 



CONICAL MU PANELS 
INNER BLANKET 
OUTER BLANKET 


OUTER COVER SHEET 
OVERLAP . 


INTERMITTENT 
VELCRO FASTENER - 


MLI GORE PANEL 
OUTER BLANKET . 


MLI GORE PANEL 
INNER BLANKET- 



FIBERGLASS 
CONE 


' NYLON GROMMET 

NYLON POSITIONING 
PIN 


" INTERMITTENT 
VELCRO FASTENER 

INNER COVER SHEET OF 
OUTER BLANKET REMAINED 
FULL LENGTH 


TANK WALL 


La) SCHEMATIC OF JOINTS BETWEEN MLI GORE PANELS AND CONICAL 
MLI PANELS AT TOP AND BOTTOM OF TANK. 


MIL GORE PANEL 
INNER BLANKET , 



t>) SCHEMATIC OF BUH JOINT CONFIGURATION BETWEEN MLI GORE PANELS 
SHOWING OVERLAPPING COVER SHEETS. 

Figure 8. • Butt joint detail for DAM/Silk net MLI system. 
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la) INSULATION SYSTEM HEAT FLUX (Qj/At). 

Figure 11. - Thermal performance during space-hold vacuum 
conditions (data corrected for constant T^ ■ 291 K, Tq ■ 

20 K). 


INSULATION SYSTEM 
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O DGK/DT 



(b) CHANGE IN THERMAL PERFORMANCE. 
Figure 11. - Concluded. 



